ABSTRACT: A hybrid numerical-experimental approach is proposed to characterize the macroscopic mechanical behavior of structured polymers. The method is based on capturing the details of the material's microstructure using 3D X-ray Computed Tomography (CT). By employing segmentation and voxelconversion, the reconstructed volume is automatically converted into a finite element model that is subsequently used for mechanical analyses. The approach is demonstrated on a 2D polycarbonate (PC) honeycomb. An ideal representative volume element (RVE), with a volume equivalent to the volume of the real X-ray CT-based model, is used to determine the dependence of the macroscopic response of the structure on intrinsic material behavior, strain rate, and cell wall thickness. A nonlinear elasto-viscoplastic constitutive model is used to describe the intrinsic behavior of the PC base material and a comparison with a hyperelastic material model reveals that local plastic deformation significantly influences the macroscopic behavior. A cubic relation between the stiffness of the structure and cell wall thickness is found, whereas the strain rate has a minor influence. The ideal RVE shows a different response compared to the real X-ray CT-based model due to local variations of the cell wall thickness in the latter, causing nonhomogeneous deformations. In addition to the geometric imperfections, jagged edges, as a consequence of voxel conversion, contribute to this local variation in cell wall thickness.
INTRODUCTION

B
ecause of their favorable specific strength and energy absorption properties, polymeric foams find their application in a wide range of engineering areas. In order to optimize foams and products, their macroscopic mechanical behavior should be predictable for multiple and mixed loading conditions. To capture the mechanical response with a macroscopic constitutive model, an understanding of the underlying deformation and failure mechanics is required. In compression, polymeric foams with a low relative density show an elastic response at small strains, caused by bending of the cell struts for open cell foams and/or bending of walls for closed cell foams, followed by buckling, plastic deformation, or brittle fracture of the cell walls, resulting in a plateau region, which is mainly responsible for the energy absorption characteristics of foams [1] . At larger strains, full collapse of the microstructure is observed, also known as densification [1] .
The mechanical response of polymeric foams is thus determined by a large number of geometrical parameters, such as relative density, mean cell diameter, cell wall thickness, and symmetry of the structure, on one hand, and the intrinsic constitutive behavior of the polymeric base material, on the other hand. The nonlinear intrinsic behavior is characterized by a viscoelastic response up to yielding, after which the material starts to flow, inducing strain softening that results in strain localization [2] and, at large strains, strain hardening [3] . The resulting averaged macroscopic stress-strain response is captured in constitutive models that are only valid for a limited number of loading conditions [4] [5] [6] [7] [8] [9] . Yang and Shim [4] presented a visco-hyperelastic constitutive model for elastomeric foams, which describes the mechanical behavior in compression with a strain energy function combined with a nonlinear Maxwell model. A viscoelastic model by Ehlers and Markert [5] incorporates transport of gas, based on the theory of porous media, through the cellular pores during uniaxial compression. Isotropic constitutive models for aluminum foams are proposed by Deshpande and Fleck [6] and include a quadratic yield surface in the stress space of mean stress versus effective stress. For this model an associated flow rule is chosen according to experimental observations. For polymeric foams, a maximum compressive stress criterion is adopted, as an extension to the yield surface [7] . Zhang et al. [8, 9] also proposed a quadratic yield surface, only they use a nonassociated flow rule to describe the macroscopic behavior in compression and mixed loading conditions.
Most of these models, however, are validated only for a limited number of loading conditions, whereas for product optimization an accurate description of multiple and mixed loading conditions is necessary. Furthermore, unloading of deformed foams is not described accurately [8] . The number of loading geometries that can be applied for mechanical characterization, needed for validation of the constitutive models for multiple loading conditions, is limited. This limitation is a direct consequence of the difficulty of clamping foam materials, which is required for many experiments. To compensate for these experimental limitations, and to obtain an understanding of the local deformation mechanisms in experimentally nonfeasible situations, analytical, and computational models that work at microscopic and macroscopic levels can be employed. Analytical models that describe the effective mechanical properties of cellular materials, are proposed as a function of their relative density by Gibson and Ashby [1] . Representative unit cells are used as an ideal representation of the microstructure, and can be used for Finite Element Method (FEM) analyses to determine the averaged mechanical behavior. Gong et al. [10, 11] and Mills [12] used a periodic Kelvin cell to represent the structure and subsequent FEM analyses provided them with the effective behavior of open cell foams in compression. Geometrical imperfections were incorporated and the cross sections of the struts were modeled to have Plateau-borders, which are a realistic representation of the cell wall cross sections. Gong et al. [10] reported a geometric imperfection sensitivity of the behavior of foams, which indicates the necessity of models that accurately represent the microstructure. To model an irregular foam structure, a unit cell based on Voronoi tessellation can be used [13] [14] [15] [16] . This technique corresponds to the physical process of nucleation and growth of cells. These models can then be used for FEM analyses, which show that the cell wall shape significantly influences the averaged mechanical behavior.
An accurate and powerful nondestructive method to characterize the complex microstructure of cellular materials, is X-ray Computed Tomography (CT). Due to absorption by the material, the X-ray beam is attenuated when passing through a specimen. The change of intensity of the X-ray beam is recorded, resulting in grey level images. By rotating the object step by step over 3608, a total set of images is created and by using reconstruction algorithms, a detailed description of the 3D structure based on these images is obtained. This technique has been employed for a wide range of cellular materials, to characterize their microstructure, such as metal and polymeric foams [17, 18] , trabecular bone [19, 20] , bone scaffolds [21] and bread crumbs [22] . To obtain the geometry of the microstructure, segmentation is applied to the reconstructed volume data, by choosing appropriate grey values which correspond to the base material. By converting these segmented data into finite element models, and assigning material properties to the elements, FE analyses can provide the averaged behavior of these cellular materials.
The accuracy of the CT-based FE model depends on the element size and type used. Tetrahedral elements are found to describe the boundaries of the geometry most smoothly [18] [19] [20] 22] . By converting 3D image data (voxels) into hexahedral elements, the resulting FE models show jagged edges, which leads to mesh sensitivity at the boundary of the model [23] . Smoothing algorithms can be applied to overcome the jagged edges, by using a combination of hexahedral and tetrahedral elements [20] or by smoothing the existing hexahedron mesh by incorporating connectivity information, leading to smoother hexahedral-based models [24] .
Beside the element types, the element size (or voxel size) also determines the accuracy of the description of the geometry and smaller voxel sizes lead to more accurate calculations of the macroscopic mechanical properties [18, 20] . However, an unnecessarily high resolution leads to a large number of elements slowing down computations, whereas less elements would suffice. Sub-resolution, or binning, can be used to minimize the number of elements. This method is based on merging n 3 voxels, thereby leaving one voxel with the averaged grey value of the n 3 voxels and reducing the voxel size by n, where n is defined as the number of elements that are merged in every direction [18, 20, 22] . For the FE models based on hexahedral elements, 3-4 elements through the thickness are found to be sufficient for predicting effective properties from CT-based models [23] . In order to determine the macroscopic mechanical behavior of cellular materials by using X-ray CT-based modeling, a large section of the geometry should be taken, such that its mechanical behavior is equivalent to the mechanical behavior found on the macroscopic scale. In some cases, where the structure is not periodic, this approach can lead to models with a very large number of elements. It has been shown, however, that the use of special iterative solvers, and parallel processing, now enables the solving of models with in the order of 100 million elements, which is sufficient to accurately represent the proximal part of the human femur in detail [19] .
In this study, a hybrid numerical-experimental approach is presented for the characterization of the constitutive behavior of structured polymers. X-ray CT is used to scan, store and process the microstructure with a high resolution ($7 mm). Conversion and segmentation of the digital volume data into a 3D hexahedron FE model, results in an accurate and direct representation of the microstructure. This approach is previously used in combination with an elastic model to describe the intrinsic behavior of different cellular structures [17] [18] [19] [20] [21] [22] . Here we extend the constitutive model of the base material with viscoplasticity, that characterizes the behavior of glassy polymers, like polycarbonate (PC). A well-validated 3D nonlinear elasto-viscoplastic constitutive model [25] is used. Consequences for a real CT-based model and for an ideal RVE are investigated. For the CT-based model, the combined effects of a nonsmooth microstructural geometry and an intrinsically unstable response of the polymer base material (strain softening after yielding) is examined.
First the size and complexity of the X-ray CT-based model are reduced by choosing a PC honeycomb ( Figure 1 ). Extra motivation for this choice, is found in the numerical and experimental studies of Papka and Kyriakides [26] [27] [28] and Chung and Waas [29] that show that the stressstrain response of a PC honeycomb in compression is similar to the behavior of polymeric foams in compression.
CHARACTERIZATION OF THE HONEYCOMB STRUCTURE CT-based Model
The geometry of the PC honeycomb (Tubus Bauer GmbH) is analyzed by using a Nanotom X-ray CT system (Phoenix|X-ray, Wunstorf, Germany), with the resolution set to 7.7 mm. After reconstruction of the volume from the images, segmentation and subsequently voxel conversion are employed, resulting in a 3D FE model. A subsection is then taken and converted into a 2D plane strain FE model containing 73,052 linear quadrilateral elements. In order to accurately describe bending, an important deformation mechanism in this structure [26] , an assumed strain formulation is used within MSC Marc, that is based on different interpolation functions for the shear strain fields that significantly improve the bending behavior of the elements used [30, 31] . A voxel-based FE model results with dimensions of 7.59 Â 8.67 mm 2 , Figure 2 showing both smooth and nonsmooth boundaries.
Vertical and horizontal edges are smooth, whereas curved edges are jagged due to the conversion of voxels into quadrilateral elements. These jagged edges contribute to a variation of the cell wall thickness t s , shown in Figure 2 . These mesh-induced variations are in addition to geometric imperfections of the real honeycomb.
The mean geometric properties of the CT-based model are given in Table 1 and correspond to the properties given in Figure 2 , where D s stands for the mean outer diameter of a cell, t s is the mean cell wall thickness, w ts represents the mean welding thickness, and w ws is given as the mean welding width. The welding area is defined as the region where two cells coincide/overlap, and the CT-based model revealed that 2.33% of the elements are located in these welding areas. The welding width and cell wall thickness show the largest variation, given by the standard deviation (SD). The influence on the macroscopic behavior will be discussed further on.
Due to the geometric imperfections and nonperiodicity, the CT-based model of the PC honeycomb ( Figure 2) can not be subjected to periodic 10 mm boundary conditions, which are frequently and beneficially used for representative microstructures [12, 14, 15, 32] . In order to load this model up to large strains, preventing macroscopic shearing, symmetry boundary conditions are applied, which prescribe the vertical displacement of all nodes on the top and bottom boundaries and enforce the left boundary to remain straight. In addition, the load is applied via a rigid plate that cannot be penetrated by the material. To determine the stress-strain response of this model, the engineering stress eng and engineering strain " are defined as
where A 0 is given as the initial contact area between plate and honeycomb, h depicts the momentary height and h 0 the initial height. The force f is taken as the reaction force of the upper plate in the momentary state and strain is prescribed as "ðÞ ¼ _ ", with the momentary time.
Ideal Volume Equivalent RVE
An ideal RVE is modeled using a total volume that is equivalent to the volume of the X-ray CT-based model of the honeycomb. The dimension of the ideal volume equivalent RVE is given by ffiffiffi 3 p D r Â 2D r , where D r is the outer diameter of a cell shown in Figure 3(a) , assuming that at the point where two cells touch, their outer boundaries coincide.
Furthermore, the in plane thickness is taken equal to the in plane thickness of the CT-based model. By using volume equivalency, with the CT-based model as a reference, the geometric properties of the volume equivalent RVE, as given in Table 2 , are obtained.
The volume equivalent thickness t r , welding width w wr and welding thickness w tr , are calculated by considering that 2.33% of the element volume is located in the welding areas. Figure 3(a) shows the geometry of the volume equivalent RVE, where the insert shows the smooth boundary of the RVE.
To assure geometrical periodicity during deformation, the top and bottom boundaries are selected such that they correspond with the material boundaries, shown in Figure 3(b) . The final geometry is modeled with eight linear quadrilateral elements through the thickness, and the assumed strain formulation is invoked during FE analyses. A model containing 11,520 elements results.
A comparison between the ideal volume equivalent RVE and the X-ray CT-based model is shown in Figure 4 , where the solid outline and solid faces represent the ideal RVE and CT-based model, respectively. The oval shape of the middle cell of the CT-based model is most likely a result from the production. Moreover, cell alignment is not perfect, causing some cells to be tilted compared with the volume equivalent RVE. From Table 1 it is noticed that the cell wall thickness of the CT-based model varies with 6.6%. To verify the influence of wall thickness on the macroscopic behavior, two additional ideal RVE models are created with 5% more and less wall thickness t r . The outer diameter D r is kept constant for all models. The change in thickness can also be considered as a change in the relative density of the structure. In all analyses, appropriate periodic boundary conditions are applied to the ideal RVE model [32] 
wherex i corresponds to the position vectors of the corner nodes i ¼ 1, 2, 4 in the current state and À j , with j ¼ T, B, L, R, denotes the boundaries as given in Figure 3(b) . The volume equivalent RVE model, is loaded in compression with the following conditions:
In Equations (5)- (7) the subscripts i and 0i denote the current and initial state of node i ¼ 1, 2, 4, respectively, where is the current time.
The corresponding x À y coordinate system is shown in Figure 3(a) . Furthermore, for all analyses, contact between the elements is taken into account. Finally the macroscopic response is determined by the homogenization scheme as given in Appendix A. 
Constitutive Model of PC
The PC base material of the honeycomb is modeled by using the Eindhoven Glassy Polymer (EGP) model, developed during the last decade, see e.g., [25, [33] [34] [35] .
The model accurately captures the intrinsic behavior of glassy polymers for different strain rates, thermal histories and loading conditions (Appendix B). The model describes viscoelastic material behavior at small strains, and, at larger strains, yielding, strain softening and strain hardening, as shown for compression experiments in Figure 5 .
The strain rate applied affects the yield stress as shown in Figure 5 (a), while strain softening and strain hardening are strain rate independent. The thermal history is captured with a single state parameter S a and affects, for a constant strain rate, both yield stress and strain softening, as is observed in Figure 5 (b). Furthermore, it has been shown that the intrinsic behavior is independent of the polymer's molecular weight (distribution) [25] . The material properties of PC, used in the FEM analyses, are taken from [25] and summarized in Table 3 . It should be noted that these properties do not correspond to the actual properties of the base material of the sample that was scanned, but are taken as representative for this class of materials; glassy polymers.
In Table 3 , K denotes the bulk modulus, G the shear modulus, 0,r the initial viscosity, 0 the characteristic stress, the pressure dependence, r i (for i ¼ 0, 1, 2) fitting parameters of the softening kinetics, G r the rubber modulus, ÁU a the activation energy and a the activation volume [25] .
To determine the difference of using an elasto-viscoplastic model rather than a purely elastic model, the Neo-Hookean hyper-elastic constitutive model is used for an elastic analysis. The values for this model are chosen to correspond with the initial stiffness of the EGP model.
RESULTS
Ideal Volume Equivalent RVE
To determine the influence of difference in intrinsic material behavior, results obtained for the volume equivalent RVE with a hyper-elastic model are compared with those of the nonlinear elastoviscoplastic EGP model. Strain rates considered vary from À8 Â 10 upto À8 s À1 and are taken constant during loading of the structure. Results of compression loading for both material models are shown in Figure 6 .
The Neo-Hookean material model shows elastic bending of cell walls at small strains. A nonconstant plateau regime represents elastic buckling of the cell walls, which is followed by stiffening of the response. This stiffening, or densification, is caused by the contact between collapsed cell walls. The results of the EPG material model show a similar elastic cell wall bending at small strains, but due to the onset of local plastic deformation deviations from the elastic response are 
, respectively. Table 3 . Material properties used for PC in the EGP model [25] . observed, especially at low strain rates. Increasing the strain rate extends the elastic regime for the viscoplastic material model, as shown in the insert of Figure 6 , in accordance with the results of Papka and Kyriakides [26] . The local plastic deformation causes the structure to enter the densification regime at larger strains (densification is not shown for the higher strain-rates to keep Figure 6 clear). A stress-strain response similar to the one in Figure 6 is found for polymeric foams, i.e. an elastic response, followed by cell wall buckling and finally densification [1] . From the insert of Figure 6 , it is observed that initially the strain rate dependence is negligible, which also holds for solid PC in its elastic regime, shown in Figure 5(a) . For higher strains, the strain rate causes the macroscopic behavior of the ideal RVE to vary with 5% per decade of strain rate variation. For solid polymers, an increase of the strain rate results in an increase in yield stress, whereafter strain softening follows, see Figure 5 (a). The same is observed in the insert of Figure 6 , although the influence of strain rate on yield stress is smaller (3% per decade of strain rate variation) compared with the influence of the strain rate on the yield stress of solid PC, Figure 5 (a) (8% per decade of strain rate variation).
To verify that local plastic deformation is present, the ideal RVE is loaded with a constant strain rate of À8 Â 10 À3 s À1 up to densification, followed by unloading, see also Figure 6 . After unloading, a small amount of plastic deformation remains. Figure 7 shows the intermediate deformed states during loading and unloading (times i correspond to those in Figure 6 ).
Up to ¼ 1 , cell wall bending is observed, and the structure behaves linearly elastic. Subsequent straining induces simultaneous cell wall buckling, due to local plastic deformation ( ¼ 2 ). This introduces plastic hinges and local softening of the base material. Full collapse of the structure, at ¼ 3 , results in macroscopic densification due to contact between cell walls. Finally, after unloading ( ¼ 4 ) local plastic deformation, represented by the plastic hinges, remains.
The results of increasing and decreasing the cell wall thickness in the ideal RVE are shown in Figure 8 . The global response is similar, showing an elastic regime due to cell wall bending at small strains, followed by simultaneous buckling of cells, due to plastic deformation at large strains. The cell wall thickness significantly influences the macroscopic mechanical behavior causing the resulting stress to vary 15% and the initial modulus with 18%. These results agree with those of simple beam theory [36] , that predicts a cubic relationship between stiffness and cell wall thickness t r .
Real CT-based Model
To determine the mechanical behavior of the X-ray CT-based model in combination with the EGP material model, the structure is loaded in compression with a constant strain rate of À0.8 s
À1
. The stress-strain response is shown in Figure 9 , and it is similar to the response found for the ideal RVE model. The nonhomogeneous response shown in Figure 9 , is caused by strain localization in two cell walls, triggered by the jagged edges in addition to the nonhomogenous cell wall thickness. In contrast, the ideal RVE model shows a homogeneous response due to simultaneously buckling of all cell walls, shown in Figure 7 .
Snapshots of the deformation at various stages during loading are given in Figure 10 (times i correspond to those in Figure 9 ). Elastic bending of the cell walls is observed up to ¼ Figure 2 , it is verified that at points of strain localization, the cell wall thickness is smaller than the mean cell wall thickness t s (as given in Table 1 ). Moreover, from Figure 9 it is observed that the X-ray CT-based model initially shows a lower elastic response with a difference of 18%, induced by the local variation in cell wall thickness. It has thus been shown that by incorporating elasto-viscoplastic material behavior and a nonhomogeneous geometry, localization of plastic deformation occurs and, as a consequence, a nonhomogeneous macroscopic response results, as also observed in the experiments of Papka and Kyriakides [26] and Chung and Waas [29] .
CONCLUSION
A hybrid numerical-experimental approach for the characterization of the macroscopic response of structured polymers has been explored. This approach consist of X-ray CT-based characterization of the microstructural geometry in combination with an accurate elastoviscoplastic constitutive model for the polymer base material. This method has been applied to characterize the response of a PC honeycomb. A real X-ray CT-based model is presented for this PC honeycomb, by converting the reconstructed volume data into a 2D plane strain model. Jagged edges of the model, due to the voxel conversion, in addition to the nonhomogeneous geometry of the honeycomb, contribute to a local variation of the cell wall thickness. Also an ideal volume equivalent RVE has been modeled, to determine the influence of the intrinsic material behavior, strain rate and cell wall thickness on the macroscopic stress-strain response. Viscoplasticity has a significant influence on the macroscopic behavior, compared to standard hyper-elastic material behavior. Due to plastic localization in the cell walls, the local and macroscopic deformation behavior deviates from that found for the hyper-elastic model. After unloading, a relatively small plastic strain remains. Furthermore, it is shown that the cell wall thickness influences the macroscopic behavior significantly, and the initial stiffness scales with t 3 r . The strain rate has a minor influence on the stress-strain response (5% per decade of strain rate variation).
The stress-strain response of the real X-ray CT-based model, again using the EGP model as constitutive model for the base material, shows, when loaded in compression, a nonhomogeneous response, due to localization in two cells (where for the ideal RVE, stress localizations occur simultaneously in all cells). This is due to a local variation in cell wall thickness, caused by the jagged mesh, in addition to nonhomogenous geometry of the honeycomb. The ideal RVE and real X-ray CT-based model show a different response, mainly due to difference in localization. Of course for an accurate determination of the macroscopic behavior of these honeycombs, an X-ray CT-based model consisting of more cells is necessary and appropriate boundary conditions should be applied to reduce size and computational costs of the final model, e.g., following [32] .
APPENDIX A Homogenization
A homogenization scheme is used to determine the macroscopic behavior of the RVE. The scheme is based on averaging the microscopic first Piola-Kirchhoff stress tensor P m [32] :
where subscripts M and m represent macroscopic and microscopic quantities, respectively, and V 0 is the volume of the RVE in the reference state. By incorporating the periodic boundary conditions given in Equations (3) and (4), relation (8) is simplified to
wheref i are the reaction forces of the corner nodes in the current state andx 0i the position vectors of these nodes in the reference state. Finally, the macroscopic first Piola-Kirchhoff stress tensor P M is related to the macroscopic Cauchy stress tensor r M by
The macroscopic deformation gradient tensor F M is determined by volume averaging of the microscopic deformation gradient tensor F m , according to
withñ 0 the outward normal of the boundary À 0 in the initial state.
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where T is the absolute temperature, p the characteristic pressure, " the equivalent stress, S a a state parameter that captures the thermal history, 0 the characteristic stress and R ð " p Þ the softening kinetics which is determined by the equivalent plastic strain [25] .
